Cataracts are the major cause of blindness with an estimated 16 million people affected worldwide.
) content in lens cells becomes elevated. 8, 9) An elevated Ca 2ϩ content in the lens has been shown to activate calpain, a Ca 2ϩ -dependent protease. Furthermore, the degradation of lens proteins such as crystallin proteins results in an opaque lens. 8, 9) Over the past several decades, there have been many studies exploring the mechanisms of cataract development. 8) However, due to uncertainties regarding efficacy and safety, a potent anticataract drug for human cataracts has not yet been introduced.
In studies to develop anti-cataract drugs, the selection of the experimental animal is very important. The UPL rat (UPLR), Shumiya cataract rat (SCR) and Ihara cataract rat (ICR/f; ICR) are hereditary cataractous strains, and it has been shown that these rats provide useful models in studies to develop anti-cataract drugs. Previous investigations have revealed that the proteolyses of some crystallins are significantly enhanced in UPLR, SCR and ICR lenses. [10] [11] [12] [13] [14] The Ca 2ϩ content in the cataractous lenses of UPLR, SCR and ICR are higher than in the lenses of Wistar rats, and autolytic products formed by calpain can also be detected in cataractous lenses. 11, 12, 15, 16) It is noteworthy that the cataracts formed in these rat models are not diabetic cataracts. Therefore, these rats have been used for studies to develop anti-cataract drugs. However, we recently reported that the increase in Ca 2ϩ content in the lenses of these rats is inhibited by an aminoguanidine, a selective inhibitor of inducible nitric oxide synthase (iNOS), and that the mechanism of Ca 2ϩ enhancement via iNOS among these rat models may differ. [17] [18] [19] Therefore, it is very important to clarify the mechanisms underlying the dysfunctions in Ca 2ϩ regulation in UPLR, SCR and ICR during cataract development.
In the present study, we compare the mechanisms of the decrease in Ca 2ϩ outflow in the lenses of UPLR, SCR and ICR during cataract development.
MATERIALS AND METHODS
Animals Cataractous UPLR, SCR and ICR were used in this study. The UPLR and ICR were provided by Meijo University (Aichi, Japan), and SCR was a gift from the Tokyo Metropolitan Institute of Gerontology (Tokyo, Japan). They were housed under standard conditions (12 h/d fluorescent light (07:00-19:00), 25°C room temperature), and allowed free access to a commercial diet (CE-2, Clea Japan Inc., Tokyo, Japan) and water. All procedures were performed in accordance with the Association for Research in Vision and Ophthalmology resolution on the use of animals in research.
Image Analysis of Cataract Development in UPLR, SCR and ICR The experiment was performed as described by Ito et al. 20) The pupils of UPLR, SCR and ICR were dilated by the instillation of 0.1% pivalephrine (Santen Pharmaceutical Co., Osaka, Japan) without anesthesia. We previously found that the increases in Ca 2؉ content in the lenses of three hereditary cataract model rats, UPL rat (UPLR), Shumiya cataract rat (SCR) and Ihara cataract rat (ICR), are inhibited by aminoguanidine, a selective inhibitor of inducible nitric oxide synthase, and that the mechanisms of Ca 2؉ enhancement in these rat models differ. In this study, we compare the mechanisms for dysfunction in Ca 2؉ regulation in UPLR, SCR and ICR. Decreases in the activity of Ca 2؉ -ATPase were found in the lenses of SCR and ICR concurrent with cataract development. In contrast, the Ca 2؉ -ATPase activity in UPLR with opaque lenses was higher than in those with transparent lenses. On the other hand, ATP levels were markedly decreased in UPLR with opaque lenses. The expression of cytochrome c oxidase (CCO)-1 mRNA and CCO activity in UPLR lenses was found to decrease during cataract development. The nitric oxide (NO) and lipid peroxide levels were also increased in the lenses of UPLR, SCR and ICR with opaque lenses. In UPLR, excessive NO may cause damage to the mitochondrial genome, resulting in a decrease in ATP production and increase in Ca Changes in the transparency of the lenses were monitored using an EAS-1000 equipped with a CCD camera (Nidek, Gamagori, Japan). The outline of the lens image was determined by selecting 4 points on the image, and then the transparent area within the outline and defining level were set automatically by the software. The total area of opacity of the lenses, expressed as pixels, was calculated based on the following equation:
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pixels within opacity (pixel)ϭpixels within outline Ϫpixels within transparent area
Measurement of Ca 2؉ Content Lenses from UPLR, SCR and ICR were removed, and stored at Ϫ80°C until used. The lenses were homogenized in phosphate-buffered saline (pH 7.4) on ice. The lens homogenates were centrifuged at 15000 rpm for 30 min at 4°C, and the supernatants were used for the measurement of Ca . The Ca 2ϩ concentration in the supernatant was determined by the methyl xylenol blue colorimetric method using a Ca Test Kit (Wako, Osaka, Japan) and CL-770 (Shimadzu Corp., Kyoto, Japan). Lens Ca 2ϩ contents (mmol/mg wet weight) are expressed as a ratio to the wet weight of lens.
Measurement of Ca

2؉
-ATPase Activity The frozen lenses were homogenized in 310 ml of hypotonic buffer (10 mM mannitol, 5.75 mM HEPES, 6.25 mM Tris base, pH 7.4), and the lens homogenates were assayed for ATPase activity, assessed as P i liberated from ATP. Briefly, 125 ml of solution 1 (200 mM KCl, 100 mM HEPES, 10 mM MgCl 2 , 2 mM EGTA, 2 mM ATP and water, pH 7.4) or solution 2 (200 mM KCl, 100 mM HEPES, 10 mM MgCl 2 , 2 mM EGTA, 2 mM ATP and 2.2 mM CaCl 2 , pH 7.4) was added to each sample (125 ml), and the samples were incubated for 1 h at 37°C. The reactions were stopped by the addition of trichloroacetic acid. The samples were centrifuged at 5000 rpm for 10 min at 4°C and the absorbance of the supernatants was measured (660 nm). Ca 2ϩ -ATPase activity was calculated as the difference in phosphate liberation measured in the presence and absence of Ca 2ϩ . 21) RNA Preparation Lenses were removed from UPLR, SCR and ICR, and snap-frozen in liquid nitrogen. Total RNA was prepared from each individual lens by the acid guanidium thiocyanate-phenol-chloroform extraction method 22) using Trizol reagent (Life Technologies Inc., Rockville, U.S.A.). The purity and concentrations of RNA were determined spectrophotometrically. The OD 260 /OD 280 values of all RNA samples used were greater than 1.8, which indicates low protein contamination and high RNA purity.
Quantitative Real-Time Reverse Transcription-Polymerase Chain Reaction (RT-PCR) The RT reaction was performed using an RNA PCR kit (AMV Ver. 2.1, Takara Bio Inc., Shiga, Japan). One microgram of total RNA was mixed with 3 ml of 10 mM Tris-HCl buffer (pH 8.3) containing 5 mM MgCl 2 and 50 mM KCl. The following components were then added to give a final volume of 10 ml: 1 unit/ml RNase inhibitor, 10 mM deoxynucleotide triphosphate, 2.5 units/ml reverse transcriptase, and 0.125 mM oligo dT-adaptor primer. The RT reaction was performed at 42°C for 15 min, followed by 5 min at 95°C. The PCR were performed using LightCycler FastStart DNA Master SYBR Green I according to the manufacturer's instructions (Roche Diagnostics Applied Science, Mannheim, Germany). Briefly, 2 ml of cDNA was mixed with 2 ml of reaction mixture, LightCycler FastStart DNA Master SYBR Green I Reaction Mix, containing FastStart Taq DNA Polymerase, reaction buffer, MgCl 2 , SYBR Green I dye, and deoxynucleotide triphosphate mix. The following components were then added to give a final volume of 20 ml containing specific primers for cytochrome c oxidase (CCO)-1, 2 and 3, or glyceraldehyde-3-phosphate dehydrogenase (GAPDH, 10 pmol each). The primers used are summarized in Table 1 . The conditions of the PCR are: 95°C for 10 min, 50 cycles of 95°C for 10 s (denaturing), 59°C for 10 s (annealing), and 72°C for 5 s (extension) for CCO-1-3; and 95°C for 10 min, 50 cycles of 95°C for 10 s, 60°C for 10 s, and 72°C for 5 s for GAPDH. The quantities of PCR products were measured fluorometrically in a realtime manner using a LightCycler DX 400 (Roche Diagnostics Applied Science, Mannheim, Germany). After completion of the PCR, dissociation curves of the PCR products were generated using LightCycler Software Version 4.0 program to detect nonspecific amplification, including primerdimers, and to ascertain the quality of the amplification data. The differences in the threshold cycles for GAPDH and other groups (CCO-1, 2, 3) were used to calculate the levels of mRNA expression in UPLR, SCR and ICR.
Measurement of CCO Activity The frozen lenses were used for the determination of the CCO activity using a Mitochondrial Isolation kit and Cytochrome c Oxidase Assay kit (Sigma Aldrich Japan, Tokyo, Japan). Mitochondria were isolated from the lenses according to the following procedure. The lenses were homogenized individually in 1 ml of isolation buffer 1 (10 mM HEPES, 200 mM mannitol, 70 mM sucrose and 1 mM EDTA, pH 7.5) containing 2 mg/ml albumin. The lens homogenates were centrifuged at 2600 rpm for 5 min at 4°C and the supernatants were centrifuged at 11000 rpm for 10 min at 4°C. The supernatants were removed, and the pellets were each resuspended with 1 ml of isolation buffer 1. The samples were again centrifuged at 2600 rpm for 5 min at 4°C, and the supernatants were cen- 
4).
Determination of cytochrome c oxidase activity was based on a colorimetric assay that quantifies the oxidation of ferrocytochrome c to ferricytochrome c via cytochrome c oxidase, a reaction that results in a decrease in absorbance at 550 nm. The decrease in absorbance at 550 nm was monitored by a spectrophometer (UV 2200, Shimadzu, Kyoto, Japan) calibrated to zero using assay buffer (10 mM Tris-HCl and 120 mM KCl, pH 7.0). In a cuvette, 0.95 ml of assay buffer was combined with 70 ml of enzyme buffer (10 mM Tris-HCl and 250 mM sucrose, pH 7.0) and 30 ml of isolated mitochondria. The reaction was initiated by the addition of 50 ml of ferrocytochrome c (reduced with 0.1 M dithiothreitol), and the decrease in absorbance at 550 nm was measured for 1 min. Activity was calculated based on the following equation. Units/mlϭ[(DAbs550/min for the sampleϪDAbs550/ min for the blank)ϫdilution factorϫtotal reaction volume]/[mitochondria isolate volumeϪthe difference in extinction coefficients between ferro-and ferricytochrome c at 550 nm (21.84)]. One unit will oxidize 1 mM reduced cytochrome c per min at pH 7.0 and 25°C.
Measurement of NO Level
The frozen lenses were homogenized in saline on ice, centrifuged at 10000 rpm for 15 min at 4°C, and the supernatants were used for measurements of NO level. A concentric microdialysis probe (A-1-20-05, 5 mm length; Eicom, Kyoto, Japan) was placed in the supernatant, and perfused with Ringer's solution (140 mM NaCl, 4 mM KCl, 1.26 mM CaCl 2 , and 1.15 mM MgCl 2 , pH 7.4) at a constant flow rate of 2 ml/min using a micro syringe pump (ESP-64, Eicom, Kyoto, Japan). NO 2 Ϫ and NO 3 Ϫ in the supernatant were separated on a reverse-phase separation column packed with polystyrene polymer (NO-PAK, 4.6ϫ50 mm, Eicom, Kyoto, Japan); NO 3 Ϫ was reduced to NO 2 Ϫ in a reduction column packed with copper-plated cadmium filings (NO-RED, Eicom, Kyoto, Japan). NO 2 Ϫ was mixed with Griess's regent to form a purple azo dye in a reaction coil, and placed in a column oven set at 35°C. The absorbance of the color product dye at 540 nm was determined using a flow-through spectrophotometer (NOD-10, Eicom, Kyoto, Japan). The mobile phase consisted of 10% methanol containing 0.15 M NaCl-NH 4 Cl and 0.5 g/l Na 4 -EDTA delivered by a pump at a rate of 0.33 ml/min. The Griess reagent, 1.25% HCl containing 5 g/l sulfanilamide with 0.25 g/l Nnaphthylethylenediamine, was delivered at a rate of 0.1 ml/min. In this paper, NO amounts reflect the level of the NO 2 Ϫ metabolite, which is produced from NO.
Measurement of Lipid Peroxide Level
The frozen lenses were used for the determination of the lipid peroxidation products malondialdehyde and 4-hydroxynonenal using an LPO Assay Kit (BIOXYTECH ® LPO-586 TM , OXIS International, Inc., Portland, Oregon, U.S.A.) according to the manufacturer's instructions. Briefly, the lenses were homogenized in phosphate buffer (20 mmol/l, pH 7.4), and 10 ml of 0.5 M butylated hydroxytoluene in acetonitrile was added to each sample to prevent tissue oxidation. The samples were centrifuged at 5800 rpm for 10 min at 4°C, the supernatant was assayed for lipid peroxides (LPO) assessed as malondialdehyde and 4-hydroxynonenal. The LPO levels in lenses are expressed as pmol/mg protein.
Measurement of ATP Level
The frozen lenses were homogenized in 200 ml of 10 mM HEPES/KOH buffer (pH 7.8). The lens homogenates were centrifuged at 10000 rpm for 15 min at 4°C, and the obtained supernatants were assayed for ATP level. ATP levels were determined using a Sigma ATP Bioluminescence Assay Kit (Sigma Chemical, Tokyo, Japan) and a luminometer AB-2200 (Atto Corporation, Tokyo, Japan) according to the manufacturer's instructions.
Measurement of Protein Protein levels in the samples used to measure Ca 2ϩ , Ca 2ϩ -ATPase, ATP, CCO, NO and LPO were determined according to the method of Bradford 23) using a Bio-Rad Protein Assay Kit (Bio-Rad Laboratories, Hercules, U.S.A.) with bovine serum albumin as the standard.
Statistical Analysis All data are expressed as meanϮ standard error (S.E.). Unpaired Student's or Aspin-Welch's ttests were used to evaluate statistical differences with p values less than 0.05 considered significant. The number of experiments performed in duplicate is shown under the figures and table. Figure 1 shows Scheimpflug slit images (A) and 1992 Vol. 31, No. 11
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Changes in Ca 2؉ Regulation in the Lenses of Three Hereditary Cataract Model Rats during Cataract Development
Fig. 1. Cataract Development in UPLR, SCR and ICR with Increasing Age (A) Scheimpflug slit images of lenses from UPLR, SCR and ICR. Scheimpflug slit images were obtained by an anterior eye segment analysis system (EAS-1000). (B)
Lens opacity of UPLR, SCR and ICR. The area of opacity (pixels) was analyzed by image analysis software connected to the EAS-1000. Closed circles, UPLR lens; closed triangles, SCR lens; closed square, ICR lens. The data were combined with those in refs. [17] [18] [19] . The data are presented as meansϮS.E. of 10-20 independent rat lenses. opacity levels (B) of UPLR, SCR and ICR lenses as documented by EAS-1000 (The data were combined with those in refs. [17] [18] [19] -ATPase activities and ATP levels in the lenses of UPLR, SCR and ICR. The Ca 2ϩ contents are increased in the opaque lenses of UPLR, SCR and ICR, and there are decreases in the Ca 2ϩ -ATPase activity in the lenses of SCR and ICR. In contrast to the results in SCR and ICR, the Ca 2ϩ -ATPase activity in the opaque lenses of UPLR is higher than in transparent lenses. However, the ATP levels are markedly decreased in the opaque lenses of UPLR. Table   3 shows the expressions of CCO-1, 2 and 3 mRNAs (mitochondrial subunits) and the CCO activity in the lenses of UPLR, SCR and ICR. The expressions of CCO-2 and 3 mRNAs did not change with age in UPLR. On the other hand, the expression of CCO-1 mRNA in UPLR lenses decreased with age so that the expression in the lenses of 53-dold UPLR was approximately 30% that of 25-d-old UPLR. In SCR lenses, the expression of CCO-1 mRNA increased, and the expression of CCO-2 mRNA decreased with age. The expressions of CCO-1, 2 and 3 mRNAs in the lenses of 91-dold ICR were lower than in 22-d-old ICR. CCO activity in SCR did not change with age. On the other hand, the CCO activity in UPLR and ICR with opaque lenses was significantly lower than in the same strains with transparent lenses. Table 4 shows NO and LPO levels in the lenses of UPLR, SCR and ICR. The NO levels in UPLR, SCR and ICR lenses increased with age. The elevated NO levels in SCR and ICR lenses were reduced in 
Changes in CCO mRNA Expression and Activity in the Lenses of Three Hereditary Cataract Model Rats
Changes in NO and LPO Levels in the Lenses of Three Hereditary Cataract Model Rats
The data in ICR have been reported in ref. 45 , and the data in Table 2 were remeasured for comparison of the mechanisms for the decrease in Ca 2ϩ outflow in the lenses of UPLR, SCR and ICR during cataract development. The data are presented as meansϮS.E. * pϽ0.05 vs. transparent lenses in each group. 
The CCO mRNA expression and activity in UPLR have been reported in ref. 19 , and the data in Table 3 were remeasured for comparison of the mechanisms for the decrease in Ca 2ϩ outflow in the lenses of UPLR, SCR and ICR during cataract development. The data are presented as meansϮS.E. * pϽ0.05 vs. transparent lenses in each group. mature cataracts. LPO levels in the lenses of UPLR, SCR and ICR also increased with age, and the levels in opaque lenses were significantly higher than in transparent lenses in the same strain (Table 4) .
DISCUSSION
UPLR, SCR and ICR, hereditary cataract model rats, have been used in many cataract studies. [10] [11] [12] [13] [14] Recently, we reported that the increase in Ca 2ϩ content in the lenses of these model rats is inhibited by a selective iNOS inhibitor, and that the mechanisms for the decrease in Ca 2ϩ outflow via iNOS induction among these model rats may differ. [17] [18] [19] In this study, we compare the mechanisms for the decrease in Ca 2ϩ outflow in the lenses of UPLR, SCR and ICR during cataract development. We summarize the mechanism for cataract development involving differences in Ca 2ϩ regulation in levels among UPLR, SCR and ICR in Chart 1.
Opacification of the lenses of all three model rats develop with increasing age. The initial opacification in the lenses of UPLR appears at 39 d of age, while the initiation of lens opacification in SCR appears at 77 d of age (Fig. 1) . Therefore, we used 25-d-old UPLR and 56-d-old SCR as sources of transparent lenses, and 53-d-old UPLR and 105-d-old SCR as sources of opaque lenses with which to investigate changes in Ca 2ϩ regulation in the lenses of these model rats. In ICR, lens opacification first appears at 67 d of age. In addition, Yagi et al. reported an increase in the serum lipid peroxide level in ICR in the early stages of opacification. 24) Therefore, the lenses of 22-d-old ICR, which is the early stage, were used as transparent lenses, and the lenses of 91-d-old ICR were used as opaque lenses in this study.
Intracellular Ca 2ϩ levels are elevated in most cataractous lenses. 3, 25, 26) In human senile cataracts, Dilsiz et al. 27) reported that an ionic imbalance in lenses with increased Ca 2ϩ levels is related to cataract development. In this study, we show that the Ca 2ϩ levels in the lenses of these model rats increase with age (Table 2) . Ca 2ϩ -ATPase, which uses intracellular ATP, plays a central role in Ca 2ϩ transport and the maintenance of low internal Ca 2ϩ concentrations in lenses. 28) The Ca 2ϩ -ATPase activity in opaque lenses of SCR and ICR were lower than in transparent lenses, and the levels of NO and LPO increase in the lenses of SCR and ICR during cataract development (Tables 2, 4 ). It is known that NO reacts readily with the oxygen free radical, superoxide anion, to form a strong oxidant, peroxynitrite, whose cytotoxic potential is greater than that of NO. 29, 30) Peroxynitrite, which is known to oxidize sulfhydryls and to yield products indicative of hydroxyl radical reactions with deoxyribose and dimethyl sulfoxide, induces membrane lipid peroxidation. 31) Babizhayev 32) has reported that LPOs cause the oxidative inhibition of Ca CCO, the terminal enzyme in the mitochondrial respiratory chain, is an important energy-generating enzyme, and plays an important role in ATP production. 35 ) CCO contains 13 subunits per monomer; the largest three catalytic subunits (1, 2, 3) are encoded by the mitochondrial genome, while the remaining 10 subunits (4, 5a, b, 6a, b, c, 7a, b, c, 8 ) are encoded by the nuclear DNA, synthesized on cytoplasmic ribosomes, 36, 37) and imported into the mitochondria. [38] [39] [40] [41] [42] [43] [44] Recently, Liang et al. 35) reported that in response to functional inactivaton, the three mitochondrial subunits are down-regulated earlier and more severely than the nuclear subunits. Therefore, we investigated changes in the expression of the CCO-1, 2, 3 mRNAs as well as CCO activity in UPLR, SCR and ICR lenses. The expression of the CCO-1 mRNA and CCO activity in the lenses of UPLR decreased with age in this study (Table 3) . We previously demonstrated that the iNOS inhibitor prevented the decrease in CCO-1 mRNA and CCO activity in UPLR. 19) It was suggested that excessive NO causes damage to the mitochondrial genome, leading to decreased expression of the CCO-1 mRNA, resulting in the de-crease in CCO activity in UPLR. Although NO levels in the lenses of SCR and ICR increase, the ATP levels in both transparent and opaque lenses are the same. The expression of the CCO-1 mRNA in the lenses of 105-d-old SCR with opaque lenses is increased in comparison with that of 56-dold SCR with transparent lenses. The expression of the CCO-2 mRNA in SCR lenses decreases with age; however, the expression of the CCO-2 mRNA in 105-d-old SCR lenses is similar to that in 25-d-old UPLR. On the other hand, the CCO activity in the lenses of 91-d-old ICR with opaque lenses is lower in comparison with that of 22-d-old ICR with transparent lenses, although the CCO activity in 91-d-old ICR lenses is sufficient to produce ATP. The increase in the NO level in the lenses of ICR may not be enough to cause CCO dysfunction, since the NO levels in the lenses of ICR remain lower than those in UPLR. The balance of NO levels and the sensitivity of mitochondria to NO may be related to the mechanism of Ca 2ϩ regulation in UPLR, SCR and ICR lenses.
In this study, the NO levels in SCR and ICR lenses at the initiation of opacification were increased, and the NO levels were decreased in lenses with mature cataracts. We suggest that the decrease in NO production may be caused by an inhibition of the induction or activity of iNOS in the lenses of 105-d-old SCR and 91-d-old ICR that accompanies the degradation of lens proteins. On the other hand, as lens opacification occurs rapidly in UPLR lenses, high levels of NO may remain in the lenses of 53-d-old UPLR.
Further studies are needed to elucidate mechanisms of cataract development in these three model rats in order to use them in the development of anti-cataract drugs. Therefore, we are now pursuing studies on cataract development in UPLR as a model for human atopic cataracts, and in SCR and ICR as models for human senile cataracts. These results will provide significant information that can be used to design further studies aimed at developing anti-cataract drugs.
In conclusion, the present study demonstrates the mechanisms for the dysfunction in Ca 2ϩ regulation in UPLR, SCR and ICR during cataract development. In UPLR, excessive NO causes a decrease in CCO-1 mRNA expression and CCO activity, resulting in a decrease in ATP production and an increase in Ca 
